Pulmonary arterial hypertension (PAH) is a progressive disease of excess vasoconstriction and vascular cell proliferation that results in increased pulmonary vascular resistance and right heart failure. We have previously shown (66) that tissue factor expression is increased in the abnormal vessels of patients and rats with PAH. We hypothesized that tissue factor and its downstream mediator, thrombin, would promote migration of endothelial cells (EC) and the vascular pathology of PAH. Immunostaining revealed EC and a fibronectin-enriched matrix within the "plexiformlike" lesions in a rat model of severe PAH. In a modified Boyden assay, protease-activated receptor 1 (PAR1; thrombin receptor) stimulation by agonist peptide or thrombin induced pulmonary microvascular EC (PMVEC) migration when the cells were interacting with fibronectin, but not with other extracellular matrix proteins. Thrombin/fibronectin-induced migration was confirmed in wound healing and angiogenesis assays and was abrogated by the PAR1 antagonist SCH79797 and soluble RGD peptide. This fibronectin dependence was unique to PAR1 activation; other EC agonists evaluated did not induce migration on any matrix, and 10% FBS stimulated similar levels of migration on all matrix proteins tested. Thrombin/fibronectin stimulated autophosphorylation of calcium/calmodulin dependent protein kinase II (CaMKII) in PMVEC, and inhibitors of CaMKII blocked thrombin-induced migration on fibronectin, but had no effect on migration induced by 10% FBS. In contrast, EC isolated from the proximal pulmonary artery migrated in response to most agonists independent of the matrix substrate. Our findings illustrate EC heterogeneity in a single tissue and indicate a novel role for CaMKII in mediating EC migration. Because PMVEC have been shown to have impressive proliferative potential, thrombin/fibronectin-stimulated migration of these cells to a site of injured endothelium is a potential mechanism by which thrombin contributes to the development of vascular lesions in PAH.
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Pulmonary arterial hypertension (PAH) is a progressive, often fatal, disease of vasoconstriction and vascular cell proliferation, resulting in increased pulmonary vascular resistance. PAH occurs in idiopathic form, both sporadically and in families; it is also associated with a variety of other conditions, including collagen vascular disease, human immuodeficiency virus infection, cirrhosis, and anorexigen exposure (16, 18) . Regardless of etiology, the common vascular pathology includes medial hypertrophy and neointimal formation in precapillary arterioles, eventually leading to luminal obliteration (47, 54) . Most patients also have unique proliferative vascular structures, called "plexiform lesions", composed of endothelial and smooth muscle cells that may form through a process of disordered angiogenesis (10, 63) . Because PAH mortality remains unacceptable [60% 5-yr survival with contemporary therapy (31)], novel treatment strategies built on improved understanding of disease mechanisms must be found (50) .
Our laboratory has found recently that tissue factor (TF), the transmembrane glycoprotein that initiates the coagulation cascade, is highly expressed in the hypertrophied arteries, obliterated arterioles, and proliferative vascular lesions of PAH patients and in a rat model of severe PAH (66) . Membranebound TF forms a complex with factor VIIa, cleaving FX to FXa, and subsequently generates the serine protease thrombin from its precursor prothrombin. In addition to cleaving fibrinogen, thrombin (and TF) influences a myriad of cellular functions by acting on protease-activated receptors (PARs) on vascular cells (7, 30) . PARs are G protein-coupled receptors that are activated when they undergo NH 2 -terminal cleavage by specific proteases (11) . Intrareceptor binding of the newly exposed "tethered ligand" allows intracellular activation of classic G protein-coupled receptor-mediated signaling pathways that mediate processes, such as cellular activation, proliferation, and migration. In the systemic circulation, TF mediates vascular pathology, including neointimal formation after arterial injury and pathological angiogenesis (28, 43, 48, 55) .
Because a prothrombotic diathesis, arteriolar obliteration by neointima, and aberrant angiogenesis are components of PAH, we hypothesized that TF and downstream thrombin contribute to PAH pathophysiology.
In this study, we show that EC populate the vascular lesions within a fibronectin (FN)-rich matrix in a rat model of severe PAH, consistent with observations in human PAH lesions (10, 29, 64) . In culture, PAR1 activation induced pulmonary microvascular EC (PMVEC) migration, wound healing, and an angiogenic phenotype in cells interacting with FN, but not with collagen. Inhibiting calcium/calmodulin-dependent protein kinase II (CaMKII) blocked thrombin/FN-induced PMVEC migration without impacting FBS-induced migration, suggesting a specific role for CaMKII downstream of thrombin/FN stimulation. Thrombin activation of PAR1 on PMVEC in the context of an injured, FN-rich vascular wall matrix may contribute to the vascular pathophysiology of PAH.
METHODS

Cells and reagents.
Rat PMVEC (RPMVEC) and rat pulmonary artery EC (PAEC) were a generous gift from Troy Stevens at the University of South Alabama. PMVEC are highly proliferative, vasculogenic cells isolated from the periphery of the rat lung and positively selected for binding of the microvascular EC-specific plant lectin Griffonia simplicifolia; PAEC are isolated from the proximal pulmonary arteries and characterized by binding of the lectin Helix pomatia (35) . Primary cultures of EC from two different rats were used between passages 5 and 9; cells had a typical cobblestone endothelial morphology and generally grew to confluence within 5 days after being passaged at 1:10 dilution. PAR1 agonist peptide/ thrombin receptor agonist peptide (SFLLRN-NH 2), PAR2 agonist peptide (SLIGRL-NH 2), VEGF, basic fibroblast growth factor, endothelin-1, KN-93, SCH-79797, W-7, RGD/RGE peptides, FN, vitronectin, and lectins were from Sigma Aldrich (St. Louis, MO). Collagen was from Cohesion (Palo Alto, CA). Human ␣-thrombin was from Enzyme Research Laboratories (South Bend, IN), with a minimum activity of 2,700 U/mg. Sphingosine-1-phosphate was from Avanti Polar Lipids (Alabaster, AL).
Histochemistry. Rat lung tissue from previous experiments was utilized for the lectin and FN staining. In brief, young male rats underwent left pneumonectomy and received 60 mg/kg monocrotaline (MCT) 1 wk later; details of the methods and results were published previously (66) . Those experiments and use of the tissue have ongoing local Institutional Animal Care and Use Committee approval. Formalin-fixed, paraffin-embedded rat lung tissue was sectioned at 5 m, baked at 60°C for 1 h, deparaffinized, and rehydrated through graded ethanol. The sections were blocked with 3% hydrogen peroxide followed by serum-free blocking solution (Dako, Carpinteria, CA) and then incubated with biotin-labeled lectins Griffonia simplicifolia or Helix pomatia (100 g/ml) for 30 min at 37°C. After washing, horseradish peroxidase-labeled streptavidin was added before incubation for 30 min at room temperature. Staining was visualized with Nova Red. Trichrome staining for collagen and elastin ("CME") and immunohistochemistry for TF, von Willebrand factor, and FN were performed, as described previously (66) .
Modified Boyden chamber migration assay. ChemoTx modified Boyden chambers (Neuro Probe, Gaithersburg, MD), with 8-m pores, were coated on both sides with ECM protein (FN, collagen, or vitronectin) for 2 h. PMVEC at 80 -90% confluence were released with 1 mM EDTA in PBS, and then rinsed and resuspended in DMEM with 0.1% BSA at a density of 1.25 ϫ 10 6 cells/ml. Agonists were diluted in 0.1% BSA/DMEM, and a 29-l aliquot was loaded into each lower well of the chamber. Antagonists or vehicle controls were added to cells 30 min before loading 20 l aliquots of cells on top of the filter. The chamber was incubated at 37°C, and, after 6 h, nonmigrating cells were cleaned off the top of the filter. Cells on the underside of the filter were fixed in methanol and visualized by Romanowski staining. The assay was quantified by counting the cells in five high-powered fields per well. All conditions were performed in triplicate for a given experiment, and findings were confirmed on at least one other occasion.
Scratch wound assay. PMVEC in culture were prepared as above and plated at high density on chamber slides (Nalge Nunc, Rochester, NY), which had been precoated with the relevant ECM protein (FN or collagen, 10 g/ml). After cells had formed a confluent monolayer, a scratch was created using a pipette tip, and the edges of the wound were marked. The plate was rinsed to remove detached cells, and agonists/antagonists were added in 0.1% BSA/DMEM. After 12-16 h (an overnight incubation), the cells were fixed with 10% neutral buffered formalin, stained with hematoxylin/eosin or fluorescently labeled phalloidin (Molecular Probes, Eugene, OR), and photographed. The wound areas before and after healing were measured using Spot Advanced digital imaging software.
Matrigel assay. Phenol red-free, reduced growth factor Matrigel (BD Biosciences, San Jose, CA) was thawed on ice overnight and diluted 1:2 in phosphate-buffered saline. FN or collagen was added to the liquid Matrigel to produce a final concentration of 10 g/ml.
Chilled eight-well chamber slides were coated with the enriched Matrigel (50 l/cm 2 , thin gel method) and placed in a 37°C incubator for 30 min. Cells were prepared as described above and plated with or without agonists/antagonists. After 4 -6 h, slides were fixed with 10% formalin, stained with hematoxylin/eosin, and photographed; in determining the duration (4 -6 h), tube formation with serum was monitored as a positive control during the experiment, and the experiment was terminated when there had been robust serum-induced tube formation. The assay was quantified by counting the number of intersections per high-powered field.
Western blot. RPMVEC were plated on collagen or FN (10 g/ ml)-coated dishes in DMEM supplemented with 0.1% BSA overnight. Cells were treated with inhibitor or vehicle control for 30 min, followed by 15 min of thrombin/control treatment. Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors, and total cellular protein was collected and quantified by Bradford assay. Twenty-five micrograms of protein per sample were resolved by PAGE on a 12% gel and transferred to nitrocellulose. The membranes were blocked with 1% BSA in Tris-buffered saline for 1 h at 37°C and then incubated with anti phospho-Thr 286 CaMKII-␣ antibody (Promega, Madison, WI) at a dilution of 1:5,000 in 0.1% BSA/Tris-buffered saline-Tween for 2 h at room temperature. After washing, membranes were incubated with horseradish peroxidaselabeled donkey anti-rabbit antibody at 1:10,000 for 1 h at room temperature. Bands were visualized with ECL Plus (GE Healthcare, Piscataway, NJ) and imaged with on Biomax Light film (Eastman Kodak, Rochester, NY). Membranes were then stripped, blocked with 5% nonfat milk in PBS, reprobed using an antibody to total CaMKII-␣, and visualized as above. Densitometry was performed, and phosphorylated CaMKII-␣ was normalized to total.
Statistical analysis. Data were evaluated by two-way ANOVA followed by post hoc t-testing. A P value of 0.05 was considered statistically significant. Graphs present means and standard deviations.
RESULTS
In the pulmonary vasculature, the EC of the large, conduit pulmonary arteries are distinct from the distal microvascular ECs in terms of embryological origin, functional phenotype, and physiological role in processes such as barrier maintenance (22) . We have previously shown that EC are present in the distal vascular pathology in a rat model of severe PAH, including plexiform-like lesions and neointimal obliteration of precapillary arterioles (66) . To identify the ECM milieu of the lesions in the pneumonectomy and MCT rat model of severe PAH, we stained archived rat lung tissue. The animals used had received 60 mg/kg MCT 1 wk after a left pneumonectomy, and lungs were harvested 3 wk later. All four rats whose tissue was examined had mean pulmonary artery pressures under anesthesia exceeding 50 mmHg. Vascular lesions were enriched with FN and had little collagen deposition, as assessed by immunostaining and a modified trichrome stain ("CME"), respectively (Fig. 1) . Most previous studies of cell migration have been conducted on plastic or collagen. In light of this staining showing FN enrichment, we studied pulmonary EC migration in the context of different matrix proteins.
TF and downstream components of the coagulation cascade, including thrombin, can exert direct cellular effects by acting through PARs. To determine whether PAR signaling plays a role in mediating PMVEC migration, we performed modified Boyden chamber migration assays ( Fig. 2A) . PAR1 agonist peptide (SFLLRN, PAR1-AP), which mimics activation of PAR1 by its tethered ligand, induced dose-dependent PMVEC migration in cells on FN, but not on other ECM proteins. PAR2 agonist peptide (SLIGRL, PAR2-AP) did not stimulate migration under any conditions. Interestingly, 10% FBS, used as a maximal stimulus for migration, induced a similar degree of migration on all matrix coatings; thus the matrix dependence for PAR1-AP is not a general characteristic of PMVEC migration, but is specific to PAR1-induced migration.
To determine the relative contribution of chemotaxis and chemokinesis to PAR1-induced migration, we performed a checkerboard assay (Fig. 2B) . The most robust migratory response occurred with PAR1-AP only in the lower well, indicating that this stimulus is largely chemotactic. However, adding PAR1-AP to both the upper and lower wells induced a modest increase in PMVEC migration above the basal level. Therefore, PAR1 activation also exerts a chemokinetic effect, stimulating migration even in the absence of an agonist gradient. Finally, to further explore the interaction between FN and PAR1, a migration assay was performed using a range of FN coating concentration (Fig. 2C) . Even in the absence of a chemotactic agonist, PMVEC migration was proportional to FN concentration, indicating that FN exerts a chemokinetic effect. With low concentration (5 g/ml) of FN coating, PAR1-AP only stimulated migration at doses above 10 Ϫ5 mol/l. Increasing the concentration of FN coating potentiated the effect of PAR1 stimulation, with significant induction of migration at 10 Ϫ6 mol/l of PAR1-AP. These data suggest a supra-additive interaction between the PAR1 receptor and a FN-binding integrin. Thrombin, generated downstream of TF during activation of the coagulation cascade, is the canonical endogenous agonist for PAR1. Therefore, we evaluated the ability of thrombin to stimulate PMVEC migration. Like PAR1-AP, thrombin induced dose-dependent PMVEC migration on FN (Fig. 3A) . Migration was abrogated by a PAR1-selective antagonist (SCH79797), confirming that this effect is mediated by thrombin acting on its receptor. Soluble arginine-glycine-aspartate (RGD) peptide can act as a competitive antagonist blocking cell surface integrins from ligating the RGD motif on FN (21, 25, 53) . Soluble RGD blocked thrombin-induced PMVEC migration (Fig. 3B) , emphasizing the absolute requirement of FN interaction with RGD-binding integrins to facilitate PAR1-induced migration. As a control, soluble arginine-glycineglutamate (RGE) peptide did not block migration.
To determine whether PAR1 stimulation was unique in its matrix-dependent induction of PMVEC migration, we tested a variety of other classic EC agonists (Table 1) . Surprisingly, none of these other agonists induced migration on either FN or collagen, suggesting that PMVEC are generally resistant to migration. To ensure that the cells were capable of responding to VEGF, we confirmed the presence of phosphorylated VEGF receptor 2 and downstream ERK phosphorylation by Western blot, and we attenuated receptor phosphorylation using a tyrosine kinase inhibitor (data not shown). PAEC are isolated from proximal, conduit pulmonary arteries and are functionally distinct from PMVEC with respect to characteristics such as proliferative capacity and barrier function (9, 33) . To compare the migratory behavior of PAEC to that of PMVEC, we performed Boyden assays with a panel of agonists (Table 1) . PAEC exhibited greater basal and FBS-induced migration than PMVEC. In striking contrast to PMVEC, PAEC migrated in response to several different agonists, on both collagen and FN. Therefore, especially compared with PAEC, PMVEC are generally resistant to migration induced by commonly used endothelial agonists but display a robust response after PAR1 ligation in the context of a FN matrix.
To confirm our findings from the modified Boyden assays, we performed alternate in vitro assays of cellular migration/ angiogenesis. As shown in Fig. 4A and quantified in Fig. 4B , healing of a scratch wound was accelerated in cells plated on FN and treated with thrombin compared with thrombin-treated cells on collagen or unstimulated cells on FN. Similarly, in a Matrigel assay of angiogenesis, thrombin-treated PMVEC formed a more extensive network of cords and plexi when plated on FN-spiked Matrigel than on collagen-spiked Matrigel. In both assays, 10% FBS produced a robust response (wound closure or tube formation), regardless of matrix protein treatment (data not shown).
To elucidate signaling events mediating the interaction between FN and PAR1 stimulation, we inhibited several pathways involved in cellular migration. Because we were interested in the FN dependence of PAR1-induced migration, we sought to identify inhibitors that blocked migration in response to this stimulus while leaving matrix-independent FBS-induced migration intact. Some inhibitors (e.g., wortmannin to inhibit phosphatidylinositol 3-kinase) had minimal effect on migration in response to thrombin or FBS, while others (e.g., Y27632, Rho kinase) interfered with both stimuli, suggesting that they blocked a common, distal signal in PMVEC migration. Borbiev et al. (4) had previously demonstrated an important role for CaMKII in mediating thrombin's effects on lung EC. We investigated the role of CaMKII in mediating migration and found that KN-93 produced robust inhibition of thrombin/FN-induced migration with no effect on migration to FBS (Fig. 5A) . This result suggests that CaMKII is specifically important to PMVEC migration in response to thrombin/FN. The importance of CaMKII was further supported by the finding that antagonizing the two major activators of its activity, calcium (with BAPTA) and calmodulin (W-7), also resulted in strong inhibition of thrombin/FN-induced migration (Fig. 5B) . These more general inhibitors caused a small decrease in FBS-induced migration (data not shown), likely due to the importance of calcium/calmodulin-dependent proteins other than CaMKII.
An important event in CaMKII activation is autophosphorylation of threonine-286; we assessed activation by Western blot using an antibody specific to CaMKII-␣ phosphorylated on this residue. As shown in Fig. 5C and quantified in Fig. 5D , thrombin induced phosphorylation of CaMKII-␣ in a FNdependent fashion. This phosphorylation was blocked by KN-93, W-7, and BAPTA-AM. Therefore, CaMKII-␣ is activated in PMVEC under the conditions that promote migration. Having demonstrated a substantial difference in the migration phenotype between PAEC and PMVEC, we stained rat lung tissue to identify the EC in the pneumonectomy and MCT model of severe PAH. Figure 6 shows representative histochemistry of lung sections taken from PAH rats using lectins that selectively recognize microvascular (Griffonia simplicifolia) or macrovascular (Helix pomatia) EC. As seen in Fig. 6A , von Willebrand factor-positive EC in plexiform-like lesions bound G. simplicifolia with less H. pomatia staining. Conversely, the EC lining large-conduit pulmonary arteries showed the opposite pattern of lectin binding with more macrovascular staining (Fig. 6B) . These limited data confirm our previous report that EC contribute to the pathological lesions in rat PAH and suggest that microvascular cells may be overrepresented in these lesions.
DISCUSSION
We have identified an apparently unique role for thrombin in directing the migration of a highly proliferative, vasculogenic microvascular EC isolated from the pulmonary circulation, but the stimulus is only effective in the context of a FN matrix. We have further identified a specific role for CaMKII in mediating thrombin/FN-induced migration. This EC is of particular interest because the cell's phenotype in culture (2, 9) (see discussion below) suggests a role for the cell in the poorly understood vascular pathology of PAH.
The FN dependence of thrombin-induced PMVEC migration indicates that binding and activation of specific integrins are necessary events; the sensitivity to RGD implies integrin interaction with the RGD motif of FN. On PMVEC, the most likely integrins involved are ␣ v ␤ 3 , ␣ v ␤ 5 , and ␣ 5 ␤ 1 , all of which have been implicated in modulating EC behavior and regulating angiogenesis (15, 34, 38) . ␣ 5 ␤ 1 is the classic FN receptor; ␣ v ␤ 5 and ␣ v ␤ 3 are typically considered vitronectin receptors, but both also bind FN (8, 13) . ␣ v ␤ 3 is one of the earliest integrins identified during angiogenesis, especially in tumors and ischemic tissue (24, 26) . In addition to the direct effects of ECM/integrin interaction on intracellular signaling and cellular Values are mean cells per high-powered field Ϯ SD, n ϭ 3. Rat pulmonary microvascular endothelial cells (RPMVEC) did not migrate in response to classic endothelial cell agonists: VEGF (vascular endothelial growth factor, 100 ng/ml); basic fibroblast growth factor (100 ng/ml); ET-1 (endothelin-1, 10 Ϫ7 mol/l); S-1-P (sphingosine-1-phosphate, 10 Ϫ6 mol/l). In contrast, rat pulmonary artery endothelial cells (RPAEC) migrated with classic agonists compared with DMEM. Migration was insensitive to the extracellular matrix coating ͓agonist concentrations same as above; protease-activated receptor 1 agonist peptide (PAR1-AP) (SFLLRN, 10 Ϫ4 mol/l); PAR2-AP (SLIGRL, 10 Ϫ4 mol/l͔. *P Ͻ 0.05 vs. DMEM. behavior, there is extensive signaling cross talk between integrins and growth factor receptors (44, 67, 68) . Although it is well established that thrombin activation of platelets leads to integrin inside-out signaling and activation, our finding of a functional interaction between the PAR1 receptor and FNbinding integrins in EC migration is novel. Our results also indicate an important, strikingly specific role for CaMKII in thrombin/FN-induced PMVEC migration. CaMKII has been studied most thoroughly in the nervous system, where it is a central mediator for many processes, including synaptic plasticity, learning and memory, long-term potentiation, and ion channel function (41, 60) . More relevant to the present study, CaMKII has been implicated in integrin inside-out signaling to control the following: the affinity of ␣ 5 ␤ 1 for FN (6) ; migration in vascular smooth muscle cells (3); and the integrin-dependent cytoskeletal reorganization necessary for dendritic spine elongation in mammalian neurons (58) . Our initial focus on CAMKII was partially motivated by Borbiev et al. (4, 5) , who identified a role for CaMKII in mediating thrombin-induced barrier dysfunction in cultured bovine pulmonary EC. In those experiments, CaMKII phosphorylated caldesmon and nonmuscle filamin to promote cellular contraction and barrier dysfunction; the authors did not investigate the matrix specificity of their findings. Further experiments will be required to determine whether CaMKII plays a critical role in integrin activation or in downstream cytoskeletal rearrangement (or both) in our system. In addition, FN-specific autophosphorylation (activation) of CaMKII-␣ by thrombin suggests fundamental differences in PMVEC calcium handling, depending on ECM interaction.
We have previously shown that TF expression is increased in humans and rats with PAH (66) . While TF overexpression in PAH may explain the thrombotic diathesis in these patients, we propose that TF contributes more directly to the vascular pathology of PAH, as it does in diseases of the systemic circulation. The present study suggests that thrombin generation and subsequent stimulation of PAR1 on PMVEC is one possible mechanism by which TF plays a role in PAH pathogenesis; our data also strengthen the hypothesis that inhibition of the TF/thrombin/PAR1 axis may represent an effective, novel treatment of the disease. We propose that one important effect of TF blockade is to reduce thrombin-induced PMVEC migration to sites of pulmonary vascular injury where FN is often abundant (29) .
In addition to the TF/thrombin/PAR1 axis, the current study highlights integrin signaling as another potential therapeutic target. Generation of provisional ECM and subsequent integrin signaling have been implicated in conditions such as intimal hyperplasia, autoimmune disease, and cancer (14, 42, 62) . These events have been especially well studied in a rare brain tumor called glioblastoma multiforme (24) ; interestingly these tumors form disordered vascular networks resembling the plexiform lesions of PAH (64) . Cowan et al. (12) postulated a role for integrin ␣ v ␤ 3 in PAH. They found that the increased serine elastase activity seen in the context of PAH was associated with clustering of ␣ v ␤ 3 on smooth muscle cells, and, further, that antibody blockade of the integrin leads to regression of medial hypertrophy in PAH organ culture explants (12) . However, the RGD analog cilengitide failed to affect mortality when administered to rats with PAH (46) . Importantly, those investigators used the standard MCT model of PAH. In contrast to human PAH, MCT produces a pathology dominated by smooth muscle cell hypertrophy. Although anti-␣ v ␤ 3 therapy failed to reduce the medial hypertrophy in that model, our current study suggests that targeting relevant integrins may prove to be an effective treatment when neointima and plexiform lesion formation containing both endothelial and smooth muscle cells is part of the vascular pathology (as it is in human PAH and the pneumonectomy/MCT rat model).
Although the pathogenesis of PAH remains enigmatic, Cool and colleagues (10, 39, 63) have presented human autopsy data to support the hypothesis that aberrant EC proliferation in the pulmonary microvasculature plays a key role. Detailed threedimensional reconstruction of serial sections from a small group of patients suggests that the process of cell proliferation starts distally at branch points (plexiform lesions) before progressing proximally into larger vessels to form classic "onion skin" concentric lesions obliterating the lumen (10) . As recently reviewed, concentric lesions appear in ϳ25% of pulmonary vessels sized between 25 and 200 m (65). In rats, the transition from macrovascular cells staining with Helix to microvascular cells staining with Griffonia occurs at vessels between 25 and 50 m in diameter (Troy Stevens, personal communication). Detailed reconstructions of the rat vascular pathology have not been performed, but our previous work shows a striking similarity between the pathological features of human disease and those of the pneumonectomy/MCT model (66) . The data in Fig. 6 confirm our previous data that EC populate proliferative lesions in the rat model, and we believe that further study of these cells is likely to shed light on the pathogenesis of PAH.
Recently, two papers from Stevens and colleagues (2, 9) have further highlighted the phenotypic and functional differences between microvascular and macrovascular lung EC. The authors identified a subpopulation of PMVEC (binding G. simplicifolia) that expressed classic EC antigens and progenitor cell markers. Consistent with this antigenic classification as endothelial progenitor cells, these "resident microvascular endothelial progenitor cells" displayed both normal EC barrier function and highly proliferative/vasculogenic behavior with long telomeres. In further studies, the authors found that PMVEC displayed much greater proliferative capacity and expressed higher levels of nucleosome assembly protein-1 (NAP-1) than did PAEC. Inhibiting expression of NAP-1 in PMVEC abrogated their highly proliferative phenotype, while heterologous NAP-1 expression in PAEC conferred on them a greater proliferative capacity. Combined with our present findings, this work indicates that the pulmonary microvasculature is populated by EC that have high proliferative capacity but are relatively resistant to migration. After an insult resulting in endothelial damage and death, we hypothesize that surviving cells, including a significant proportion of endothelial progenitors, are stimulated to proliferate and repopulate the pulmonary endothelium on a provisional, FN-rich matrix. A concurrent increase in TF expression and thrombin generation would stimulate migration for these cells, which already have an intrinsic, highly proliferative behavior. The net result would be the aberrant angiogenesis thought to underlie generation of plexiform lesions in PAH. (63) In summary, we have identified a functional interaction between PAR1 activation and FN binding in which both are essential to stimulate PMVEC migration. Among common endothelial agonists, thrombin stimulation was uniquely effective in promoting migration of this highly proliferative, vasculogenic EC isolated from the distal pulmonary circulation. Our data suggest a critical role for excess thrombin stimulation in the vascular pathology of PAH and underscore the importance of studying thrombin inhibitors and thrombin receptor antagonists as novel treatments for this devastating disease.
